We present cosmologically motivated, high resolution N-body models for two nearby dwarf galaxies: NGC3109 and NGC6822. These two well studied dwarf galaxies present the strongest observational support for a flat core at the center of galactic dark matter (DM) halos. However, our detailed analysis shows that the rotation curves of these two galaxies are instead quite compatible with their DM halos having steep cuspy density profiles. The rotation curves in our models are measured using standard observational techniques, projecting velocities along the line of sight of an artificial observer and performing a tilted ring analysis. The models reproduce the rotation curves of both galaxies, the disk surface brightness profiles as well as the profile of isophotal ellipticity and position angle. The models are centrally dominated by baryons, however, the dark matter component is globally dominant. The simulated disk mass is marginally consistent with a stellar mass-to-light ratio in agreement with the observed colors and the detected gaseous mass. We show that non-circular motions combined with gas pressure support and projection effects systematically underestimate by up to 50% the rotation velocity of cold gas in the central ∼ 1 kpc region, creating the illusion of a constant density core. Our results strongly suggest that there is no contradiction between the observed rotation curves in dwarf galaxies and the cuspy central dark matter density profiles predicted by the Cold Dark Matter model.
Introduction
Cosmological models based on the inflationary paradigm, Cold Dark Matter (CDM), and dark energy (ΛCDM) as major constituents, are very successful in explaining the large scale structure of the Universe (Spergel et al. 2003) . However, it has been widely argued that ΛCDM models face a number of challenges at galactic scales (Moore 1994; Flores & Primack 1994; de Blok & McGaugh 1997; McGaugh & de Blok 1998; Moore 2001; Ostriker & Steinhardt 2003) . One of the most persistent problems is the apparent incompatibility of galaxy kinematics with the structure of dark matter halos predicted by cosmology. Cosmological N-body simulations predict halos with a central cusp (Navarro, Frenk, & White 1997, NFW) . Because low surface brightness (LSB) and dwarf galaxies are considered dark matter dominated at all radii, it is expected that their dynamics provide an excellent benchmark for testing the structure of CDM halos. It has been claimed that cosmological halos disagree with the shallow dark matter density profiles inferred from the rotation curves of dwarf and LSB galaxies (Moore 1994; Flores & Primack 1994; Burkert 1995; de Blok & McGaugh 1997) . The galaxies seem to favor dark matter halos that have a soft core while cosmological halos are cuspy. The analysis of the cusp-core controversy has motivated a large amount of discussion and work (e.g., Firmani et al. 2000; Avila-Reese et al. 2001; Swaters et al. 2003a,b; Salucci et al. 2003; Simon et al. 2004; Rhee et al. 2004) .
Earlier, the beam smearing in radio observations was blamed as responsible for some discrepancy between the observations and the theory (van den Bosch, Robertson, Dalcanton, & de Blok 2000; van den Bosch & Swaters 2001) . Later high angular resolution observations (e.g., de Blok Bosma & McGaugh 2002; Swaters et al. 2003b; Weldrake et al. 2003; Simon et al. 2004) , produced mixed results. In some cases rotation curves could be fitted with cuspy CDM halos, in others they could not. Swaters et al. (2003b) concluded that in a statistical sense the observed population of LSB galaxies is consistent with cosmological predictions. Only some dwarf galaxies in their sample are clearly inconsistent with cuspy cosmological halos, Hayashi et al. (2004) arrived to similar conclusions. BlaisOuellette, Amram, & Carignan (2001) presented mass models for a sample of dwarf galaxies. For example, the data for NGC 5585 are compatible with a cuspy dark matter halo. However, the halo concentration and stellar mass-to-light ratio (M/L) are too low to be realistic. Swaters et al. (2003a) presented evidence for non-circular motions in the galaxy DDO 39. After applying simple corrections to the rotation curve, the galaxy appears compatible with a cuspy dark matter halo, but still with an unrealistically low concentration. Rhee et al. (2004) showed that systematic effects related to bars, bulges, and disk thickness can produce a severe underestimation of the central mass content of galaxies, creating the illusion of constant density cores, while the actual density distribution is cuspy. Similar conclusions were reported by Hayashi et al (2004b) . In this case, the effect is associated with triaxial dark matter halos which produce disk ellipticity.
Recently, Simon et al. (2004) , and Begum et al (2005) reported results for low mass galaxies consistent with cuspy dark matter halos. In particular, Simon et al. (2004) found evidence for significant radial motions or elliptical streaming in some galaxies. They argued that the non-circular motions can be related with halo ellipticity along the disk plane. Spekkens & Giovanelli (2005) showed that systematic effects associated with long-slit observations are able to reproduce the distribution of slopes obtained in actual observations of low mass galaxies with no clear evidence for bars or bulges. Dutton et al. (2005) discuss uncertainties in the M/L ratio, halo triaxiality, and distance. They argued that those uncertainties may produce strong degeneracies, making estimates of halo central density less certain. Dutton et al. (2005) also presented estimates of the stellar M/L based on the B-R color and the stellar population models of Bell & de Jong (2001) and another estimate based on the maximum disk solution. Dutton et al. (2005) found that a disk contribution to the circular velocity based on the B-R color of NGC5585 is above the maximum disk solution. This suggests that the gas in this galaxy is not supported only by its rotation. However, internal reddening can produce similar results (Dutton et al. 2005) . Despite these results, some recent studies some recent studies (Spekkens & Giovanelli 2005; de Blok 2005) argued that dwarf and LSB galaxies are systematically better described by halos with cores even if a cuspy halo can not longer be ruled out.
There are galaxies for which the discrepancy with cosmological predictions is so large that it seems to be impossible to explain the observed kinematics with a cosmologically motivated halo (e.g., Blais-Ouellette, Amram, & Carignan 2001; Moore 2001; Weldrake et al. 2003; Simon et al. 2004; Dutton et al. 2005) .
The Magellanic-type galaxy NGC 3109 is the prototype of this kind of system. NGC 3109 is located at the outskirts of the Local Group, and is formally classified as a SBm galaxy (de Vaucouleurs et al. 1991) , which means that it is a barred galaxy. NGC 6822 is another Local Group member of this type. Because of their nearby location, the galaxies have been subjects of high resolution studies, including their kinematics. In order to illustrate the degree of disagreement with cosmology, we quote Weldrake et al. (2003) , who find that a model of NGC 6822 with a realistic DM halo gives outstandingly bad fit: χ 2 reduced = 1200. The goal of this paper is to design relatively detailed models for these two galaxies, and use the models to evaluate the severeness of the conflict that they pose for the ΛCDM cosmology.
The standard way of constructing mass models for galaxies is to adjust parameters of analytical functions until models produce acceptable fits. However, this approach suffers from several shortcomings. It is usually difficult to test the self-consistency between the kinematics and the mass distribution and also to test the disk sta-bility. It is also known that the solution to the standard fitting procedure is not unique (e.g., Dutton et al. 2005) in the sense that the same data can be fit by cuspy or cored halo models. Motivated for this degeneracy and by the frequency of non-circular motions and non-axisymetric structures in the observation of dwarf galaxies, we do not invoke reasonable arguments based on the χ 2 of the fit in order to break the degeneracy (e.g., de Blok 2005), we use a different approach. We consider as many constraints as published observations provide us for the galaxies we are studying. In particular, we consider the presence of a bar, and the corresponding non-circular motions. Given that many of the dwarf irregular galaxies show photometric or kinematic lopsidedness we also consider this kind of models. In addition we use the constraints on the stellar mass provided by observed colors of the stellar population. We make high resolution simulations with several millions of particles moving in a self-consistent gravitational field for billions of years, that assures dynamical self-consistency. Once the simulations finish, we "observe" the models closely mimicking procedures applied to real observational data (Rhee et al. 2004) . Models constructed in this way include a number of effects, which are normally difficult to account for: projection effects, finite disk thickness, effects related with complex noncircular motions, adjustment of the dark matter to the presence and evolution of baryons. This procedure can be applied to pure gravitational systems, which allow re-scaling and make it possible to fit a specific galaxy.
There are reasons to believe that the rotational velocities of the gas and stars in dwarf galaxies are not much different. Rhee et al. (2004) and Hunter et al. (2002) addressed this issue observationally. They found that in the central ∼ 1 kpc region of late-type (nearly bulge-less) galaxies, stellar and gas rotation curves are very similar to each other. At larger distances, gas rotates slightly faster than the stellar component that, as one would naively expect, has some intrinsic velocity dispersion. Judging by the magnitude of the rotational velocity, one expects that in dwarf galaxies such as NGC3109 the random velocities are small: 10-20 km/s, which is close to the random velocities of HI clouds. Indeed, this is what we find in our simulations. Hence it is reasonable to use collisionless models. However, in order to validate our methodology, we also performed state of the art N −body and hydrodynamical simulations. The simulations included a realistic implementation of stellar and supernovea (SN) feedback and allow us to study the effects of gas motion in dwarf galaxies.
The paper is organized as follows. In Section 2 we review the observational properties of NGC 3109 and NGC 6822. In Section 3 we present our hydrodynamical model of a dwarf galaxy. Models for NGC 3109 and NGC 6822 are presented in Section 4. A discussion of our results is given in Section 5. A short summary of our results is presented in Section 6.
Observational Data

NGC 3109
NGC 3109 is a Local Group member that has been extensively studied since it is one of the nearest dwarf irregular galaxies. Observational data for the galaxy are presented in Table 1 . One of the aspects that has been particularly addressed is its kinematics. Jobin & Carignan (1990) analyzed observations in I band as well as in radio wavelengths. The I band photometry shows a change in the position angle and ellipticity of isophotes as a function of radius, suggesting the presence of a stellar bar, in agreement with B band observations (Carignan 1985) . Jobin & Carignan (1990) concluded that the system is globally dominated by dark matter and their favored model requires a halo with a core radius of almost 7 kpc. van den Bosch, Robertson, Dalcanton, & de Blok (2000) fit an NFW model with a central constant density core, the stellar (M/L) ratio was assumed to be zero. Finally, Blais-Ouellette, Amram, & Carignan (2001) analyzed the two-dimensional kinematics of NGC 3109 based on high resolution H α observations. Their best model with a cuspy halo over-predicts the rotation in the central kiloparsec. This model requires a negligible stellar (M/L) ratio and a concentration smaller than one, which is difficult to reconcile with cosmological predictions. Their favored model has a constant density core radius extending up to 2.4 kpc. Given the quality of the observational data in Blais-Ouellette, Amram, & Carignan (2001) , it is considered that NGC 3109 presents a serious problem for cosmo- Barnes & de Blok (2001) (8) Weldrake et al. (2003) (9) Mateo (1998) (10) Gottesman & Weliachew (1977) (11) Hodge et al. (1991) (12) de Blok & Walter (2000) (13) Note.-NGC 3109: Results were rescaled assuming the distance of 1.36 Mpc; absolute magnitude was corrected for internal absorption (Carignan 1985) . logical models (Salucci et al. 2003) .
NGC 6822
NGC 6822 is also a Local Group member and the third nearest dwarf irregular galaxy after the LMC and SMC. A summary of the observational properties used in this paper is presented in Table 1. Extensive analyses of properties of ISM and of the stellar component for this galaxy have been done by de Blok & Walter (2000) ; Weldrake et al. (2003) ; Komiyama et al. (2003); de Blok & Walter (2005) . Though the galaxy is classified as barred, it is generally considered as "a rather average and quiecent dwarf irregular galaxy" (de Blok & Walter 2005 ). This explains why Weldrake et al. (2003) use simple models (no bar or any other complications) to fit the HI rotation curve of this galaxy. Their best model with a cuspy dark matter halo assumes a zero stellar mass-to-light ratio and a concentration close to zero, which is hard to justify not to mention that it systematically over predicts the rotation velocity inside the central kiloparsec. A model with a reasonable halo concentration was rejected with very high confidence.
Yet, the galaxy is far from being simple. The stellar distribution has shows a short, but rather strong bar, which is prominent in visible light. This is clearly seen in Figure 8 of de Blok & Walter (2005) : the distribution of light in the central 10' ≈ 1.5kpc is misaligned with the HI at large radii. The misalignment is quite large: Hodge (1977) and Cioni & Habing (2005) give the position angle of the bar P A = 10 0 , while the position angle of the HI disk is about P A = 125 0 (Weldrake et al. 2003) . This bar was considered the main stellar body of the galaxy; it has exponential profile. However, deeper photometry revealed a fainter blue component tracing the HI distribution (Komiyama et al. 2003) . There is also a faint and rounder red stellar component extending to several radial scale lengths. The neutral hydrogen and the faint blue stars show a different position angle compared with the stellar bar. The central surface brightness in B band is 27 mag/(arsec 2 ). This is comparable to the surface brightness of large LSB galaxies (Komiyama et al. 2003) . All these properties make NGC 6822 one of the nearest barred LSB galaxies. Interestingly enough, the bar has not been considered in previous analyses of NGC 6822 kinematics (Weldrake et al. 2003) .
3. Kinematics of Gas and Stars: Hydrodynamical simulation.
With the purpose of testing how realistic are our conclusions based on collisionless simulations, we run a high resolution hydrodynamical simulation of a dwarf galaxy unstable to bar formation. This simulation cannot be rescaled because it includes radiative processes. Therefore, fitting it to a specific galaxy is difficult. However, it can shed light on the physical processes playing role in dwarf galaxies with a significant gas component.
The model includes a dark matter halo initially with the NFW density profile modified by the standard adiabatic contraction (Blumenthal et al. 1986 ). During subsequent evolution the halo is contracted again adiabatically due to the disk evolution. Initially the stellar and gaseous disks have the same radial distribution. The model was set initially in equilibrium. Both the gas and the stellar disk are resolved with hundreds of thousands of particles. The initial parameters of the simulation are presented in Table 2 .
The choice of parameters for the simulation was motivated by parameters of NGC 3109 and NGC 6822. The main parameter is the maximum circular velocity. After evolving for 1 Gyr the model had maximum circular velocity 70 km/s, which is very close to that of the real galaxies. Just as in real galaxies, the disk-to-halo ratio is very small. Below we show that our best models for the galaxies have M disk /M vir ≈ 0.025. We selected this value for our hydrodynamical models. Note that this is almost 7 times smaller than the average ratio of baryons to dark matter in a ΛCDM universe. Even with this small mass the disk makes a significant contribution to the circular velocity in the central 1/3 kpc. Though a reasonable match to real galaxies for some parameters, the model does not reproduce all the properties of dwarf galaxies. Most notably, the disk is more compact compared with the galaxies that we are studying. Given that the system was unstable to the formation of a bar, it was hard to predict in detail the final configuration. Nevertheless, we can use this model to study the physical process in the central regions of dwarf galaxies. We do not to attempt to match the model to any specific galaxy.
The simulation was evolved with the multi-step parallel Tree/SPH code GASOLINE ). The code includes hydrodynamics, star formation, radiative and Compton cooling for a primordial mixture of hydrogen and helium as well as stellar and SN feedback. Feedback is modeled as thermal energy dumped into the gas near to star particles. The deposition rate is tied to stellar lifetimes. The affected gas has its cooling shut off for 20 million years, mimicking pressure support from (unresolved) internal turbulence (Thacker & Couchman 2000) . The only free parameters (star formation efficiency and the fraction of SN energy dumped into the interstellar medium (ISM) have been tuned over a range of galaxy masses to reproduce a number of observables (Governato et al 2005 , Stinson et al 2005 . Those include the shape and normalization of the Schmidt law of our own Milky Way galaxy and the typical disk thickness, the star formation rates and the gas turbulence observed in small galaxies. Our simulation has 2 million particles and has 30 pc spline softening for gas and stellar component and 60 pc for the dark matter particles. The force is newtonian at ∼ 60 pc. As far as we know, so far this is the largest 3D hydrodynamical simulation of a barred dwarf galaxy. Yet, there is a price for this resolution: the model is very expensive. This is why we follow the evolution only for 1 Gyr. Dynamically, this is a very long period for the dwarf "galaxy": 11 orbital periods at 1 kpc distance.
Though the model is initially in equilibrium, its disk is unstable. In the course of time, the disk evolves, producing a bar. The bar is relatively weak and is extended with the size about 1 kpc. Figure 1 shows the structure of the disk as well as the velocity field and radial motions of the cold gas. The distribution of the cold gas is remarkably complex. There is a weak bar and spiral arms. This is what is expected. At the resolved scales the gas shows a complex structure with cold filaments and holes filled with dilute and relatively hot gas.
At these temperatures and densities (10 5 K) the hot gas cools relatively quickly. Consequently, we need a source of energy and a mechanism to replenish the hot gas. Both are provided by the star formation. The medium is fueled by feedback from the star formation. The star formation rate 5.5 × 10 −2 M ⊙ /yr is relatively low and is comparable with observational estimates of (3 − 6) × 10 −2 M ⊙ /yr for NGC 6822 (Wyder 2001 ). Large (100-300 pc) holes and lumps in the distribution of the cold gas observed in Figure 1 are typical for small real galaxies. For example, Fig-ure 8 in Weldrake et al. (2003) shows numerous 1-3 arcmin (100-300 pc) holes and lumps in the distribution of the neutral hydrogen for NGC 6822. Walter & Brinks (2001) give a catalog of 19 holes with size larger than 200 pc in another dwarf galaxy DDO 47. The same situation -numerous holes, filaments, and lumps -is found in the SMC (Staveley-Smith et al. 1997; Hatzidimitriou et al. 2005) , LMC (Kim et al. 1998 ), Ho II (Stewart et al. 2000) . In other words, the multi-phase medium, which we find in our simulation, is characteristic for dwarf irregular galaxies such as NGC 3109 and NGC 6822 studied in this paper. Figure 2 shows the observed velocity field assuming an inclination of 60 degrees and a bar orientation ∼ 15 degrees off from the vertical direction. The noisy behavior of contours in the left panel is due to superbubbles, which induce 5 − 10km/s motions in the surrounding cold gas. The same kind of "noise" is observed in real galaxies, if observations are done with high resolution. Only after significant smoothing we find normal "spider diagram". The presence of the bar is a rather subtle effect (a twist of contours in the central 1 kpc area) and can easily be overlooked. It is interesting to note that qualitatively the same behavior of the velocity field is observed in the NGC6822 velocity map (Weldrake et al. 2003, Figure 6,) . Figure 3 shows the rotation curves of gas, stars, and also the circular velocities of different components of the model. We note that the disk is now a dominant component in the central region of the "galaxy". The top panel shows that the cold gas and the stellar component rotate with similar speeds in the central region, in agreement with the observations reported by Rhee et al. (2004) and Hunter et al. (2002) . The radial velocity dispersion for gas colder than 15,000 K is ∼ 17 km/s in the central region and falls to ∼ 9 km/s at one kiloparsec. Therefore, it is relatively small and compatible with what is measured in real galaxies (e.g., de Blok & Walter 2000) . Because of the small random velocity of the gas, we do not recover the total circular velocity when we apply the standard asymmetric drift correction to the gas. For the cold gas the correction is almost negligible. For example, at 0.3 kpc the correction moves the rotational velocity from 32 km/s to 37 km/s. It is surpraising that the cold gaseous component does Figure 1 show the non-circular motions present in that component. Non-circular motions are clearly present and it is well known that they are related with the underestimation of the circular velocity (e.g., Athanassoula 1984; Rhee et al. 2004) . We find systematic inflow and outflow in some places. Shocks in the gas are also clearly present as places with a sudden decline of velocities. In addition to non-circular motions the pressure gradients from the hot (T ≈ (2 − 10) × 10 4 K) gas provides additional support for the cold gas. The first conclusion, which we draw from this analysis, is that the non-circular velocities generated by the bar are not completly responsible for hiding the cuspy density distribution. The pressure of hot gas gives an extra support to the cold component. This is evident in the failure of the standard asymmetric drift correction to recover the total circular velocity. Another conclusion is that both the cold gas and the stars rotate with nearly the same velocity.
Models for Dwarf Galaxies NGC 3109
and NGC 6822
N-body Simulations
As we discussed in the introduction, we use full collisionless N-body simulations in order to model the mass distribution in NGC 3109 and NGC 6822. The full curve shows the spherical averaged circular velocity GM total /r. The long-dashed curve is for the azimuthally averaged rotation velocity of gas colder than 15000 K. The stellar rotation velocity is shown by the short-dash curve. In the central 1 kpc region the stars rotate slightly slower, but close to the cold gas. Curves for gas and stars are substantially below the circular velocity. At r > 1 kpc all the curves are practically the same. At this stage of evolution the bar length is about 1 kpc. Bottom panel: Contributions of different components to the circular velocity (full curve). The contribution of the dark matter halo is shown by the smooth dashed curve. The dotted curve presents the contribution of the disk. In the central 0.5 kpc region the disk dominates, while the outer part is dominated by the dark matter. The wavy dashed curve shows the rms radial component of the cold gas velocity.
Our simulations were performed using the parallel Adaptive Refinement Tree (ART) code (Kravtsov, Klypin, & Khokhlov 1997) . We use a total of five different mass species for model I and seven mass species for model II. Each specie is twice as massive as the previous one. Model I was evolved for 8 Gyrs and model II fas evolved by 3.4 Gyrs. Initially the models have only two components: an exponential disk and a dark matter halo with the NFW density profile. The prescription to set up the initial conditions is based on the Hernquist(1993) method and is described in detail in Valenzuela & Klypin (2003) . The initial parameters of the models and the simulations are shown in Table 3 . Model I is based on the model A1 presented by Valenzuela & Klypin (2003) , model II was designed from the beginning as a dwarf galaxy.
In addition, the model II was also run to produce lopsided models. There are some motivations to study lopsided models. NGC 6822 shows a tidal tail-like features at large radii. NGC 3109 is also lopsided and probably warped. These features may produce additional non-circular motions. We do not try neither to mimic the magnitude of observed lopsidedness nor to investigate the origin of it. We only want to find which is effect of the lopsidedness on measured rotation curve. In order to trigger the lopsidedness, we follow the prescription of Levine & Sparke (1998) : We displaced the disk from the center of the dark matter halo by 0.8 and 2.5 times the initial disk scale length. We then follow the evolution of the system for 3 Gyrs. We call the model with smaller initial displacement "mildly lopsided" and the model with larger displacement "strongly lopsided".
Method
The standard procedure used to fit a mass model to a galaxy requires one to vary the model parameters, such as the dark matter halo mass and concentration and the stellar M/L ratio, until the model circular velocity reproduces the observed rotation curve. Disk structural parameters are fixed by the galaxy photometry. In some cases this procedure leads to very small values for the stellar M/L not always in agreement with the observed colors for the galaxy (Blais-Ouellette, Amram, & Carignan 2001) . Alternatively, the observed colors of the stellar disk are used in combination with a stellar population synthesis model in order to assign a stellar mass to light ratio (M/L) (e.g., McGaugh 2004) . There are some potential drawbacks to this method. The procedure assumes that gas and stars in the disk move with the local circular velocity. However, in many cases there is evidence of non-circular motions in the central regions of galaxies (Simon et al. 2004; Coccato et al. 2004 ), which are difficult to take into account. In addition, the hot gas component can give pressure sup- port to the cold gas, as we find in our hydrodynamical simulations. Another potential complication is that parameters of the model are varied freely in order to reach a good fit without any guarantee of self consistency. As a result, the dynamical stability of the model is questionable. In some cases the available observational data give a maximum disk model that is unstable to strong spiral arms or bar formation. However the kinematics of the model is calculated as if it were axisymetric, stable and supported only by rotation. This subject has received some attention by Athanassoula et al. (1987) and Fuchs et al. (2004) . It is crucial in order to give an accurate interpretation of the observed rotation curves. Even if a galaxy is globally dominated by dark matter, it can develop a strong and healthy bar (Kregel et al. 2005; Athanassoula & Misiriotis 2002; Valenzuela & Klypin 2003) . As a result of the instabilities discussed above, the importance of non-circular motions and in some cases the asymmetric drift correction can be under-estimated assuming an exponential, infinitely thin and axisymmetric disk at all radii. Several dwarf and LSB galaxies show deviations from these assumptions particularly in the central regions. The thickness of galactic disks is another issue. It is correctly considered for the calculation of the disk potential (van den Bosch & Swaters 2001). However, it also has a projection effect on the kinematics (Rhee et al. 2004 ) and possibly in asymmetric drift correc-tion.
We adopted a different modeling procedure that accounts in a realistic way for deviations from axisymmetry and that assures self-consistency. The method is similar to the ones applied to high surface brightness barred galaxies (Kormendy 1983; Athanassoula 1984) ). Instead of an analytic rigid model we have a high resolution N-body realization of our system that is evolved for many disk rotation periods. Since gravity is a scale-free force, it is well known that an N-body simulation can be re-scaled using two independent variables. We use this freedom to make the models more realistic. We use the spatial α and velocity γ scales. Thus, if x and v are the original coordinates and velocities, the rescaled variables are˜ x = α x and˜ v = γ v. Once α and γ are fixed, the mass scale β is defined by γ 2 = β/α.
The first step of the method is to rotate and tilt our model using the observed galaxy position angle (PA) and inclination. Afterward we scale the maximum circular velocity in the model to the maximum rotation velocity observed in the galaxy, we also change the spatial scale in order to fit the disk radial scale length. The next step is to fix the bar parameters. The radial surface brightness profile is an useful constraint on the strength and length of the bar (Elmegreen & Elmegreen 1985) . We use the observed profiles of isophotes ellipticities and PA to fix the bar orientation. This quantity also has a strong influence on the projected surface density.
Bar orientation is an important constraint also for kinematics. It is well known that the effect of non-circular motions on the rotation curve is very sensitive to this parameter (Athanassoula 1984 ). This effect is larger when the bar is orthogonal to the line of sight and the velocities of many stellar and gas orbits are orthogonal to the observer too. If the orientation of the bar is along the line of sight, the galaxy would appear to have a small bulge and the kinematics would overestimate the circular velocity. However, this galaxy would be considered as consistent with a cuspy halo with a very high concentration, if no modeling of the non-circular motions is performed.
Once the disk and bar orientations are fixed, the standard tilted ring analysis is performed (Begeman 1989). We modify the spatial and velocity scales (α, γ) until we get a satisfactory match between the data points and our model "observed" rotation curve.
We assumed an NFW density profile for the halo. The virial radius is defined as the distance where the halo overdensity is 340 times the average density of the universe. After scaling we have to re-calculate the value of the virial radius. This is done assuming the NFW profile as follows:
where Ω m the average density of the matter in the Universe, C is the halo concentration, and R s is the characteristic (core) radius of the NFW profile. The same relation could be written in order to define a relation between the original and scaled quantities:
Here R ′ vir is the new (scaled) virial radius, while all the other quantities have the original non-scaled values. The halo characteristic radius R s is simply multiplied by the spatial scaling factor α. This modifies halo concentration in a non-linear way:
In order to mimic real observations we generated images in FITS format from the stellar disks in our models. The images are processed using IRAF. We use the package STSDAS and the task ELLIPSE in order to define elliptical isophotes over the image. Velocities are projected and integrated along the line of sight of an artificial observer. The isophotes are used for a tilted ring analysis that gives the rotation curve, the position angle and isophotal inclination profile as a result. This standard analysis assumes that the ellipticity of the isophotes is a measure of the corresponding ring inclination. Our implementation of the algorithm has as an option to assign a global inclination and position angle or to leave these parameters to change as a function of radius. The method is described in detail by Rhee et al. (2004) ; Begeman (1989) . 
Results
We analyze our galaxy model after 3 Gyrs of isolated evolution. At this stage the system evolves very gradually. Its bar slightly grows and slows down. We tried different epochs and selected one which matches the observations. The rotation curve fit is not very sensitive to a particular epoch. As a general trend we find that the longer the bar, the larger is the final halo concentration when we include the observational constraints based on the disk mass. Figure 4 shows the rotation curve of NGC 3109 and compares it with the azimuthally averaged rotation velocity in our model. We also show the surface brightness profile of the galaxy. Assuming that mass-to-light ratio does not change with radius, we compare the observed surface brightness with the surface density (scaled to surface brightness units) of the stellar component in the model. Figure 5 shows the same for NGC 6822. When matching the models with galaxies, we adjusted the position of the bars in order to reproduce the gradual change in the isophote orientation presented by Komiyama et al. (2003) for NGC 6822 and by Jobin & Carignan (1990) for NGC 3109. The resulting configuration is in reasonably good agreement with both pictures in the central region. Figures 6 and 7 show the surface density, PA and inclination angle recovered from isophotes for the model of NGC 6822. Figures 8 and 9 present results for NGC 3109.
A striking result, which is apparent in Figures 4 and 5, is that in our models the rotation predicted is smaller than the circular velocity. This impor- tant mismatch between the circular velocities and the observed rotation velocities is due to many effects. In addition to elliptical motions and to the asymmetric drift, there is an extra contribution coming from the fact that our simulated observations average particles at different heights and radii. This projection effect biases the measured velocity toward lower values (Rhee et al. 2004) . Note that the non-circular velocities in the models are quite small and are comparable to cold gas motions in our hydro simulation. For example, the velocity dispersion of the stellar component in our models is smaller than 10 km/s for radii larger than 1.5 kpc and it reaches 20 km/s at the very center for the model of NGC 6822. The model for NGC 3109 has a central value smaller that 30 km/s and the amplitude of the rms motions decreases to less than 15 km/s after 1.5 kpc.
Is the mass of the disks in our models acceptable? After all, the baryonic disk is dominant in the central 0.5 kpc in the models, which is unusual for models of this type. A related issue is the ratio of the disk mass to the virial mass. Our models have a disk-to-halo mass ratio of 2%. This is much smaller than the cosmological baryonsto-dark matter ratio 0.17. This is comparable to what is observed in real galaxies. For example, for our Galaxy the ratio is (5-6)% in fact, the ratio of o marks the orientation of the optical bar (Cioni & Habing 2005; Hodge 1977) . Note that inside 2 kpc the profile of the position angle in the simulated galaxy shows a change with radius. This change of ∼ 55 o is consistent with the orientation of the optical bar. The bottom panel shows the "observed" inclination profile calculated using the ellipticity of isodensity curves. The observational data are taken from Weldrake et al. (2003) .
2% is probably on the high side for dwarf galaxies (Weldrake et al. 2003) .
The observed rotation curve can be reproduced in the model using different scaling parameters α and γ. As a result of this we have some freedom of tuning the scaling parameters to improve our models.
The luminosity, the mass-to-light ratio, and the mass of neutral hydrogen in the disk are other important properties of galaxies, which a model should satisfy. Knowing the luminosity of the galaxy and assuming a reasonable stellar mass-tolight ratio (consistent with observed colors), we get an estimate of the stellar mass. Observations also provide us with the mass of neutral hydrogen. We can make a correction for the helium (0.25 by mass) to get an estimate of the total gas mass. Mass of molecular gas is still quite uncertain. Observational measurements presented by Leroy et al. (2005) indicate substantial variations in the mass ratio of molecular to neutral hydrogen M (H 2 )/M HI . In many cases the mass of molecular gas even in dwarf galaxies is comparable with the mass of neutral hydrogen. Israel (1997) gives M (H 2 ) = 0.4 × 10 8 M ⊙ for NGC 6822. The sum of the stellar and gas components give us an estimate of the total mass of the disk. We use this as an additional constraint for our models.
As our fiducial model we adopt one that reproduces the rotation curve and the surface brightness profile and that gives acceptable mass of gas. We also use observational constraints on the total disk mass. The model rotation curve is very close to the observational data although we decided that it is more relevant to have a model that simultaneously satisfies different constraints instead of reproducing every single feature in the observed rotation curve. In particular because there is not a detailed observational study of the non-circular motions in these two galaxies.
Using existing data on surface brightness and colors in the galaxies, we can make estimates of the required mass-to-light ratios for our models in order to fit the data. The B-R color for NGC 3109 is ∼ 0.8 ± 0.16 (Lauberts & Valentijn 1989 ). This implies a stellar (M/L) B ∼ 0.9 ± 0.19 using the models presented by Bell & de Jong (2001) . Based on the estimated value for the luminosity L B = 5.2 ×10 8 L ⊙ we are constrained to have a stellar disk mass of 4.7±1×10 8 M ⊙ . The rest after subtracting the contribution from the stellar component to the disk total mass corresponds to the gas component. We obtain a gaseous mass of 1.5 ± 0.1 × 10 9 M ⊙ .
Assuming a smaller distance (1.2 Mpc) to the galaxy Barnes & de Blok (2001) estimated the neutral hydrogen mass for NGC 3109 to be 3.8 × 10 8 M ⊙ . If we correct for our assumed distance (1.36 Mpc), their estimation is, considering uncertainties, 4.8-5.2 ×10 8 M ⊙ . found that no more than 60% of hydrogen in NGC 3109 can be in a molecular phase; based on CO observations more than 10% of HI must be in molecular phase (Rowan-Robinson et al. 1980 ). If we assume that 50% of hydrogen is molecular which is reasonable following Leroy et al. (2005) , an estimate of the total mass in gas of (0.96-1.04)×10 9 is reasonable. If we use the maximum disk stellar (M/L) B ∼ 1.5 (Dutton et al. 2005) , our stellar mass is 7.8 ×10 8 M ⊙ and the neutral hydrogen is 9.3 ×10 8 M ⊙ . Both estimations for the stellar M/L are consistent with the disk mass in our models for NGC 3109.
The K-band luminosity of NGC 6822 used by Weldrake et al. (2003) was obtained extrapolating the surface brightness profile measured inside 1.6 kpc and assuming a single exponential model. The stellar model in that estimation is dominated by the bar-like feature that probably has a smaller radial scale length as compared with the rest of the disk. Indeed, the structure of NGC 6822 has been recently revisited by Komiyama et al. (2003) and Cioni & Habing (2005) . Based on these recent results, there is an extended blue stellar disk tracing the HI distribution as well as a more spherical red component. For that reason we will take Weldrake et al. (2003) estimates as lower limits. The surface brightness profile in Weldrake et al. (2003) runs until 1.6 kpc, which corresponds to 64 % of the disk mass taking r d = 0.68 kpc. Assuming the gas fraction reported by Weldrake et al. (2003) , we measure a stellar mass of 1.54 ×10 8 M ⊙ inside 1.6 kpc in our disk. If we divide by the value of luminosity we obtain (M/L) k = 0.16. If we extrapolate to infinity, the total stellar mass is 2.48 × 10 8 M ⊙ which corresponds to a value of (M/L) k = 0.65. These estimates of the mass-to-light ratios are not unreasonable for what one may expect for normal stellar population. The remaining mass ∼ 9×10 8 M ⊙ should be compared with the gaseous mass detected in NGC 6822 which corresponds to ∼ 2 × 10 8 M ⊙ . The dark matter halo virial concentration for this model is 22. If we use model II, which includes a lighter disk, we can obtain a similar fit to the rotation curve. In this model the total disk mass is 5.87 × 10 8 M ⊙ , the gaseous mass is (3.37 − 4.37) × 10 8 M ⊙ , and the halo concentration of 11.4. If we use the strongly lopsided model, the gaseous mass is (3.8 − 4.8) × 10 8 M ⊙ and the halo concentration can be as large as 41.
Our results are not the ultimate models for both galaxies given that an observational study of noncircular motions and the effect of the bar and lopsidedness in the kinematics of these galaxies is not avaialble. However, we show that it is possible to construct a family of models consistent with both cosmological predictions and the observed properties of the baryonic component. Table 4 gives a summary of the properties of models for NGC 3109 and NGC 6822.
Stability
NGC 3109 and NGC 6822 show a central stellar structure similar to a classical galactic bar. This feature is more prominent at short wavelengths. Irregular Magellanic galaxies commonly present these kind of bars. However, the effect of these features has not been considered in the analysis of the rotation curves of these two galaxies. In fact, there are no detailed studies of the kinematics and other properties of such bars. The members of our sample are LSB galaxies. Mayer & Wadsley (2003) recently investigated the stability of these types of models to bar formation. Unstable models presented by Mayer & Wadsley (2003) show the same circular velocity decomposition as ours. However, the disk-to-halo mass ratio f b and the Toomre stability parameter Q taken by Mayer & Wadsley (2003) are different from what we find. These differences are mostly because we take the shorter radial scale length in our initial disks. The unstable configuration could be reached either by increasing f b or by decreasing r d . Given the discussion presented above and the published photometry for our selected galaxies, our decision to use unstable models is reasonable. However we can not evaluate if this is the origin of bars in dwarf irregular galaxies. Another agents like the lopsidedness of the potential, can be responsible of triggering the bars observed in dwarf irregular galaxies (van den Bosch et al 2005).
Discussion
The Tilted Ring Analysis
An important consequence of our results is that the interpretation of galaxy deviations from axisymmetry and from an equilibrium state strongly bias the recovery of the galaxy mass distribution. In the case of NGC 3109 and NGC 6822 these biases are enough to explain the discrepancy between rotation velocity and the circular velocity of cuspy dark matter halos.
Following previous studies of NGC 3109 and NGC 6822, we allow the PA and inclination to vary during the tilted ring analysis. For a comparison, we also run the analysis fixing these quantities to the average values measured along the disk. We find that the results are sensitive to the PA and inclination profiles in agreement with Weldrake et al. (2003) and Jobin & Carignan (1990) . Both studies report a change in the PA as a function of radius for NGC 6822 and NGC 3109. In our models this effect is created by the bar. There are additional complications with the galaxies besides the bar. We did not consider the fact that NGC 6822 indicates tidal tail-like features at large radii. NGC 3109 is lopsided and probably warped. These features may result in additional non-circular motions. In order to support this statement, we followed the evolution of lopsided models for model II. Figure 10 shows the stellar component and the rotation curves for the lopsided models. Qualitatively results are similar to non-lopsided models. For the lopsided models the underestimation of circular velocity is even larger than for non-lopsided models because the centers of the kinematic and the mass distribution have a different locations, which leads to projection effects, in fact the disk is not circular any more (Swaters 1999) . There are several spiral waves and circular motions involved. The main difference with non-lopsided models is that the lopsided models allow more concentrated DM halos. For NGC3109 we get C vir = 11 for mildly lopsided model and C vir = 17.4 for the strongly lopsided model. When scaled for NGC6822, the models give even larger halo concentration.
We postpone for a forthcoming paper a detailed discussion of lopsidedness. However, based on our experiments we confirm that lopsidedness would not change fundamentally our conclusions. It makes them even stronger.
Our interpretation of NGC 3109 and NGC 6822 as barred galaxies is supported by twists in the isophotes and in the iso-velocity contours ( figures 1 and 9 of Jobin & Carignan (1990) , figures 5 and 6 of Weldrake et al. (2003) , figures 1 and 4 Komiyama et al. (2003) ). Many other dwarf galaxies also have variable PA and inclination as a function of radius. The standard tilted ring analysis assumes that each ring geometry is determined only by the orientation, if the galaxy truly deviates from axisimmetry the solution found by the standard method is questionable. The procedure looks for the solution that includes a circular ring that rotates as fast as V los , when likely there is no such a ring in the real galaxy at that particular radius. The interpretation of these features as bars is not unreasonable given that many dwarf galaxies are subhalos that possibly suffered tidal stirring that triggered bars in their disk (Mayer et al. 2001 ). However, we can not exclude the possibility that the features are a result of the disk response to a triaxial halo Hayashi et al (2004b) . Simon et al. (2004); Wong et al. (2004); Schoenmakers et al. (1997); Franx et al. (1994) use a tilted ring method to fit velocity fields assuming that in addition to rotation the gas has deviations from circular motions. In principle, the new procedure allows one to distinguish between bars, warps, and radial flows judging by the relative amplitude of different harmonics in an expansion of the velocity field in each ring. The method discussed by Schoenmakers et al. (1997) allows one to test the magnitude of the intrinsic ellipticity of rings constraining the actual mass distribution. The only possible limitation with this extended tilted ring model is the assumption of the epicyclic approximation. This assumption constrains the system to have only small deviations from axisymmetry and assumes closed regular orbits. For axis ratios smaller than 0.6 the gas might develop shocks (Shlosman 2004, Pichardo & Shlosman private communication) . Typical axis ratios of dark mat- For clarity we present particles in a slice of 300 pc thickness.
ter halos after disk formation are larger than 0.8 (e.g., Simon et al. 2004; Kazantzidis et al. 2004) . Therefore, it is reasonable to assume that, if the non-circular motions in galaxies are created by a ΛCDM prolate halo, the motion would be well described by elliptical regular orbits. In presence of a strong fast bar, shocks are expected. The signature of shocks in the observed kinematics could be used to disentangle between bars or an oval disk created by a prolate halo as a source for noncircular motions. The residual velocity field as is shown in Figure 1 , would contain clues of the source of non-circular motions.
Congruency with Cosmology
Our models reproduce the observed rotation curve as well as some of the disk structural properties of both galaxies. We now evaluate whether the dark matter halos in our models are consistent with cosmological predictions. Figure 11 shows the virial concentration and mass for a population of dark matter halos formed in cosmological collisionless N-body simulations. It is important to say that the effect of adiabatic contraction or any possible evolution of the dark matter halo after the disk formation is not included in this relationship.
The rotation curve and the disk structure of both galaxies are consistent with more than one cuspy dark matter halo. If we constrain the models to include a stellar M/L consistent with the typical color of dwarfs, we can reduce the parameter space available. The three models for NGC 3109 are consistent within the uncertainties with the observational estimations of the disk mass. Two of them are inside the one-sigma scatter of the average concentration predicted for halos of the corresponding mass. The situation is different for NGC 6822 models. One model is close to the predicted concentration, however the disk mass is a factor of 2.75 larger than the observational disk mass estimations for NGC 6822. The other two models have disk masses ∼ 1.5 times the observational estimations. These models are marginally consistent with the detected mass of gas and the chemical abundances (Carigi et al 2005 in preparation) . We did not investigate if models with even lighter but more concentrated disks could reproduce the rotation curve of NGC 6822. The strongly lopsided model II has a concentration well above the average prediction. The nonlopsided version of model II has a relatively small value for the concentration. It is remarkable how strong the effect of lopsidedness can be in some cases. Figure 10 shows the distribution of disk particles. Even that the disk shows the asymetric distribution the rotation curve is very regular. We conclude that we can not favor a value of the concentration without a quantitative analysis of non-circular motions and possible deviations from an equillibrium state of NGC 6822. However the dark matter halos in all our models are comparable to those found in cosmological simulations. Figure 3 presents the circular velocity decomposition, showing the individual disk and halo contributions, as well as the combined amplitude. The disk dominates in the central region. This is typical for barred galaxies (e.g., Athanassoula 1984) . Though several dwarf galaxies show bar features, bars have been ignored in rotation curve modeling. Instead, disks in the models are usually treated as being thin and axisymmetric. The models also assume that the dark matter dominates at all radii. It is important to stress that in our models the disk dominates at the central ∼ 0.5 kpc region even though globally the system is dominated by the dark matter halo. Formally, our models have submaximal disks at 2.2 R d . Bar lengths in our models are 2 kpc and 2.4 kpc. The length of bars is reflected in the stellar kinematics, as features in the rotation curve, but this signature is very sensitive to the assumption that the tilted ring analysis makes about the inclination and position angle in the galaxy . Because bars in our models are comparable to the outer disk radial scale length, there is a correlation between the size of the region affected by underestimation and the disk scale length, at least for these two specific galaxies.
Generality of our Results
Our results add to the recent arguments of Rhee et al. (2004) , Simon et al. (2004) and Spekkens & Giovanelli (2005) that some well studied galaxies and the galaxy population on average are consistent with cuspy dark matter halos. Galaxies in our study have been considered impossible to reconcile with ΛCDM cosmology and previous analysis motivated the exploration of modification of dark matter properties (Moore 2001; Salucci et al. 2003; Avila-Reese et al. 2001; Colín et al. 2002) .
We show that they are not simple axisymmetric disks, and that biased previous analysis toward models with central flat cores. Also, our hydrodynamical simulation indicates that because of their low mass, the kinematics of the cold gas in dwarf galaxies is likely affected by pressure gradients triggered by feedback. Once we included all these effects in the analysis, the galaxies are consistent with cuspy dark matter halos. Most of the dwarf irregular galaxies like NGC 3109, NGC 6822, IC2574, LMC, and probably DDO47 show bar-like structures, lopsidedness and a large number of shells in their ISM. Therefore our conclusions should be applicable at least to some of them.
It has been recently argued that including the adiabatic contraction and a realistic stellar M/L motivated by stellar population models makes the baryonic mass contribution in the center of LSB galaxies larger than expected, leading to an even stronger discrepancy between galactic rotation curves and cosmological predictions. Our models support the statement that baryons might dominate in the center of galaxies globally dominated by dark matter. However, in our experiments the final configuration is dynamically unstable to bar and spiral arm formation, creating non-circular motions that lead to the underestimation of the circular velocity.
As a possible solution to the cusp problem of ΛCDM cosmology, it has been suggested that the angular momentum transfer into dark matter halos by galactic bars and satellites can trigger the formation of a flat core (e.g., Holley-Bockelmann et al 2003; Sellwood 2003) . Currently there is a discussion about the efficiency of such processes.
We can not discard these mechanisms and a potential evolution of the dark matter profile. However, given that the effects created by bars -lopsidedness, projection effects and pressure gradientswere not considered before, the evidence for a flat core seems considerably weaker than it has been assumed.
NGC 3109 has also been used as a test system for alternatives theories of gravity (MOND) (e.g., Blais-Ouellette, Amram, & Carignan 2001) . These comparisons relied in the assumption that the rotation curve is a direct mapping of the mass profile and that the whole galaxy sits in the deep MOND regime. Currently there are no predictions for the kinematics of barred galaxies in the MOND regime. Given that NGC 3109 is a barred galaxy, it is interesting to find out how the constraints on the fundamental parameter a o in MOND theories will be modified.
A crucial test for our models for NGC 3109 and NGC 6822 would be a measurement of stellar random motions and non-circular motions in the central region of these galaxies. Blais-Ouellette, Amram, & Carignan (2001) present the H α velocity field for NGC 3109 in their Figure 2 . It is possible to see fluctuations in the velocity field of about 20 km/s, which are consistent with a 3-D velocity dispersion of ∼ 34.6 km/s. The kinematic fluctuations detected in H α are consistent with our models, given that the kinematics of ionized gas is likely correlated with the stellar kinematics (Hunter et al. 2002; Rhee et al. 2004 ). However, a direct mesurement of the stellar kinematic would be a better test.
Conclusions
In this paper we present self consistent numerical models for NGC 3109 and NGC 6822 that reproduce their observed rotation curves and some of the structural properties of their disks. Our high resolution models include a number of effects present in real dwarf galaxies like non axisymmetric dynamics and star formation induced gas turbulence.
Our main conclusions are: A detailed modeling of the baryonic component and a detailed analysis of the kinematics of the tracer population shows that a constant density core for the dark matter halo is not required to suc- Pentagons corresponds to NGC 3109 models, triangles are for NGC 6822. The small squares show the virial mass and concentration measured for halos in cosmological N-body simulation (Colín et al 2004) . The central thick line is the model for the relationship between virial mass and concentration proposed by Bullock et al. (2001) , thick line is the mean value and the dotted lines indicate the 1 sigma scatter. The dashed line is the model from Eke et al. (2001) . The halos in all our models are comparable to those found in cosmological simulations.
cessfully reproduce the rotation curves of even the most problematic cases for ΛCDM, like the galaxies NGC 3109 and NGC 6822. On the contrary, the observed rotation curves of these galaxies are quite consistent with predictions from ΛCDM and they do not provide undisputed evidence for a central flat core.
Our models are centrally dominated by baryons in agreement with the estimates of stellar M/L ratios based on stellar population models and the colors of galaxies (e.g., Simon et al. 2004 ). In many situations we find that models centrally dominated by baryons are unstable to bar formation, which implies the presence of several biases in the interpretation of the rotation curve. It is therefore important to test the self-consistency of the models used to reproduce galactic rotation curves.
It is possible that other effects such as the primordial halo triaxiality also bias estimates of the amplitude and shape of rotation curves in nonbarred galaxies (Hayashi et al 2004b) . If the galaxy is barred, the halo is still prolate in the center, but in this case the central halo shape is coupled to the baryonic component and the triaxiality is mutually driven by the disk and the halo component (Colín et al. 2005) . If the galaxy is lopsided the underestimation can be more severe. If the circular velocity is small (≤ 20−50 km/s) as it happens in the smallest dwarf irregular galaxies and in the central regions of large disk galaxies, the pressure gradients triggered by star formation and feedback also contribute to the underestimation of the circular velocity.
Accurate measurements and correct treatment of variations in the position angle and inclination as a function of radius along the galactic disk are in some cases critical to set constraints on the mass distribution using rotation curves. If present (as often the case), those variations may indicate a bar or an ellipsoidal distortion. Different answers can be obtained adopting different interpretation for the PA and inclination angle profile, if the galactic disk is not axisymmetric. In our work we show that a method of analysis that includes the possibility of non-axisymetric disks is necessary.
In summary, the main lesson of our modeling of mass distribution in dwarf galaxies is that those galaxies, which were considered as simple dark matter dominated objects with thin cold rotating disks, are actually quite complicated. Efforts to treat them in an overly simplified way result in substantial errors. We find that those errors always underestimate the true density in the central parts of galaxies. If confirmed, our results suggest that there is no contradiction between the observed rotation curves in dwarf galaxies and the cuspy central dark matter density profiles predicted by the Cold Dark Matter model.
